To understand how microbial communities and functional genes respond to arsenic contamination in the rhizosphere of Pteris vittata, five soil samples with different arsenic contamination levels were collected from the rhizosphere of P. vittata and nonrhizosphere areas and investigated by Biolog, geochemical, and functional gene microarray (GeoChip 3.0) analyses. Biolog analysis revealed that the uncontaminated soil harbored the greatest diversity of sole-carbon utilization abilities and that arsenic contamination decreased the metabolic diversity, while rhizosphere soils had higher metabolic diversities than did the nonrhizosphere soils. GeoChip 3.0 analysis showed low proportions of overlapping genes across the five soil samples (16.52% to 45.75%). The uncontaminated soil had a higher heterogeneity and more unique genes (48.09%) than did the arseniccontaminated soils. Arsenic resistance, sulfur reduction, phosphorus utilization, and denitrification genes were remarkably distinct between P. vittata rhizosphere and nonrhizosphere soils, which provides evidence for a strong linkage among the level of arsenic contamination, the rhizosphere, and the functional gene distribution. Canonical correspondence analysis (CCA) revealed that arsenic is the main driver in reducing the soil functional gene diversity; however, organic matter and phosphorus also have significant effects on the soil microbial community structure. The results implied that rhizobacteria play an important role during soil arsenic uptake and hyperaccumulation processes of P. vittata.
Arsenic (As) is an abundant and widespread trace metalloid element present in virtually all environmental media and is well known to be carcinogenic even at low levels (24) . Arsenic contaminations in soil and groundwater have been reported in many parts of the world (2, 29, 34) . Recently, in parts of Asia, including China, chronic drinking of arsenic-contaminated groundwater has caused endemic arsenicosis, which has become a major threat to public health (36) . Soil arsenic contamination also affects the physiology, growth, and grain quality of crops. For example, high arsenic concentrations were found in rice seeds from Chenzhou, Hunan province, which exceeded the maximal permissible limit of 0.5 mg/kg (dry weight) (21) . Hence, remediation of arsenic-contaminated soil and water is one of the major challenges in environmental science and public health. Low-cost, efficient, and environmentally friendly remediation technologies to remove arsenic from contaminated soil and water are urgently needed.
Phytoremediation, the use of plants to restore contaminated soil, has attracted great attention recently. A pivotal step toward the phytoremediation of arsenic-contaminated soils is the discovery of the arsenic hyperaccumulator Pteris vittata L. (Chinese brake fern), which possesses high arsenic tolerance and produces a large biomass. This plant species holds great promise for the phytoremediation of arsenic-contaminated soils. It was shown previously that the leaflets of P. vittata were able to accumulate about 100-fold of arsenic from soils (22) . Plant arsenic uptake depends mainly on the arsenic source and bioavailability (25) . P. vittata remediates arsenic contamination mainly by taking up arsenate [As(V)] via phosphate transport systems, whereas arsenite [As(III)] is very slowly taken up by P. vittata, at 1/10 of the rate of that for arsenate in the absence of phosphate (41) . However, the uptake mechanisms still remain largely unknown.
Microorganisms play a crucial role in arsenic geochemical cycling through microbial transformation processes, including reduction, oxidation, and methylation (2, 11, 31, 33, 40) . Although the impacts of microbial metabolisms were previously reported to be associated with arsenic cycling of soil and water (7, 29) , little is known about how rhizobacterial communities of P. vittata respond to arsenic. Recently, we found that inoculating arsenic resistance bacteria increased the arsenic accumulation efficiency of P. vittata by 13 to 110% (46) . Therefore, rhizobacteria may play an important role during arsenic uptake and accumulation processes by P. vittata. Thus, it is important to elucidate the microbially diverse populations and functional genes associated with arsenic mobility and transport in the P. vittata rhizosphere. However, to fully understand the ecology of such complex rhizosphere-contaminated soils, it is necessary to analyze different microbial populations simultaneously.
Our hypothesis is that the arsenic-hyperaccumulating ability of P. vittata is due to the interactions among plants, rhizobacteria, and arsenic. A study of microbial communities present in the plant rhizosphere is important to illustrate the mechanisms of arsenic hyperaccumulation in P. vittata. Thus, the objectives of this research were to understand how microbial metabolic diversities, communities, and functional genes/relative abundances were affected by soil arsenic contamination and the P. vittata rhizosphere environment. To determine the soil microbial metabolic diversity, the Biolog system (Biolog, Carlsbad, CA) was used to analyze the sole-carbon-source-utilizing capabilities of the soil microbial communities. For functional gene analysis, a high-density, sensitive, oligonucleotide-based microarray (GeoChip 3.0) was used. GeoChip-based technologies have revealed the structure, metabolic activity, and dynamics of microbial communities from complex environments, such as soil, sediments, and groundwater (10, 38, 39, 45, 48) . Our results provide evidence that changes of microbial community structure, functional gene distribution, and microbial metabolic diversity are associated with the soil arsenic level and the rhizosphere effect of P. vittata and suggest that plant phytoremediation is an interactive process among plants, microorganisms, and soil contaminants.
MATERIALS AND METHODS
Site description and soil sample collection. Soil samples were collected from an arsenic phytoremediation experimental station located at Dengjiatang village, Chenzhuo city, Hunan province, Central South China (25°48ЈN and 113°02ЈE, with an elevation of 185 m), where the soil was contaminated by arsenic due to the waterfall wastes from an adjacent arsenic-smelting factory at a higher elevation. Rice was cultivated in this area until the soil was highly contaminated with arsenic in 1999, when the rice field was abandoned. In order to remediate the arsenic-contaminated soil, P. vittata was planted in 2002 with plants at distances of 40 cm by 40 cm. Before phytoremediation, the concentrations of arsenic were about 300 mg/kg in the highly arsenic-contaminated soil and 200 mg/kg in the moderately contaminated soils. From 2002 to the end of 2008, the leaves and shoots of P. vittata were harvested each year, and the roots were left in the soil, which regrew in the following year. After continual phytoremediation for 6 years, the soil arsenic level was low enough for plant cultivation (Table 1) . In October 2008, five soil samples representing highly arsenic-contaminated P. vittata rhizosphere (HR), highly arsenic-contaminated nonrhizosphere (HA), moderately arsenic-contaminated P. vittata rhizosphere (MR), moderately arsenic-contaminated nonrhizosphere (MA), and uncontaminated control soil (CK) were collected for this study. P. vittata rhizosphere soils were the soils attached to the roots of P. vittata (5-to 20-cm depth), while the nonrhizosphere soil samples were taken from the area between two P. vittata plants (5-to 20-cm depth). The control soil was taken near the experimental station without obvious arsenic contamination and plants. To prevent the P. vittata plants from being damaged, it was not permitted to take a sufficient amount of soil for the rhizosphere samples, so five subsamples (heterogeneity within a certain arsenic contamination range) from each soil site were collected, mixed thoroughly, and stored at 4°C for soil characterization and Biolog analyses and at Ϫ80°C for genomic DNA extraction.
Soil physical and chemical features, including pH, soil texture, organic matter (O-M), N, P, S, Fe, Zn, Cd, and Cu, were analyzed as described previously by Liao et al. (21) . Arsenic analysis was performed by using an atomic fluorescence spectrometer (AFS-830; Titan Instruments, Beijing, China).
Biolog analysis of different soils. Sole-carbon-source utilization by soil microbial communities was analyzed by using a Biolog system, which contains 31 individual carbon sources in triplicate and three negative controls (without a carbon source) in a 96-well-plate format. Five grams of soil (field moist weight) of each sample was added to 45 ml double-distilled water (ddH 2 O) and incubated at 4°C with shaking (200 rpm) for 45 min and then standing for 30 min. The samples were then serially diluted to 10 Ϫ3 based on a pilot experiment, and 100 l of each sample was inoculated into each well of an EcoPlate (Biolog) and incubated at 25°C for 168 h. The metabolic diversity of the soil samples was measured every 15 min by recording the absorbance of each well at 590 nm. The community metabolic diversity (CMD) was calculated as the sum of positive carbon responses (purple wells with threshold optical densities [ODs] of 0.25) observed over the incubation time (30) .
Soil community DNA extraction, amplification, labeling, and GeoChip microarray hybridization. Soil community DNA extraction and purification were performed as described previously (47) . The DNA quantity was detected with an ND-1000 spectrophotometer (Nanodrop Inc., Wilmington, DE). Purified DNA was stored at Ϫ20°C until use.
The methods for whole-soil genomic DNA amplification, labeling, and microarray hybridization were based on a previously established method (44) . The amplified DNA (triplicates) was quantified with a Quant-It PicoGreen kit (Invitrogen, Carlsbad, CA) using a FLUOStar Optima plate reader (BMG Labtech, San Francisco, CA). Three micrograms of product DNA from each soil sample was used for labeling to ensure that similar amounts of DNA were used for all hybridizations. Fluorescent dye Cy5-labeled DNA was purified, dried, resuspended in 130 l hybridization solution containing a Cy3 normalization standard (19) , denatured at 98°C for 3 min, and then hybridized with a GeoChip 3.0 on an HS4800 Pro hybridization station (Tecan US, Durham, NC) at 42°C for 10 h in a dark room. The GeoChip 3.0 is fabricated with 50-mer oligonucleotides and contains 27,812 probes covering 56,990 coding sequences (CDS) of 292 functional genes involved in carbon, nitrogen, phosphorus, and sulfur cycles; energy metabolism; metal resistance (including arsenic resistance); and organic contaminant degradation as well as phylogenetic (e.g., gyrB and 16S rRNA) markers as positive controls (15) .
GeoChip data analysis. Hybridized microarrays were scanned by using a ScanArray 5000 (Perkin-Elmer, Wellesley, MA) system at 95% laser power and 85% photomultiplier tube gain to scan Cy5 and Cy3 at their respective wavelengths. The images were analyzed by quantifying the pixel density (intensity) of each spot using ImaGene 6.1 (Biodiscovery Inc., Los Angeles, CA). Empty and poor spots were removed before the signal intensities were normalized by the mean signal across the slide. A signal-to-noise ratio (SNR) [SNR ϭ (signal mean Ϫ background mean)/background standard deviation] of Ͼ2 was used as the cutoff for positive spots (14) . For each sample, a gene was considered positive if it was detected in two or more of three replicates and was used for further statistical analysis (13) .
Cluster analysis was performed by using the pairwise average linkage hierarchical clustering algorithm (6) and visualized by using Treeview software (http: //rana.stanford.edu). The correlation coefficients of the samples and detected genes were analyzed by using same program (6) and were shown on the tree branches. BioEnv was used to determine the best correlation between the community structure and the measured geochemical variables (5). Canonical correspondence analysis (CCA) and principal-components analysis (PCA) were performed by using the Canoco program for Windows 4.5 (Biometris, Wageningen, Netherlands). A Mantel test was used to examine the correlations between the differences of soil chemical concentrations and those of various functional gene abundances (35) .
RESULTS AND DISCUSSION
Characterization of soil samples. Several physical and chemical parameters that play an important role in controlling arsenic transformation and microbial metabolism were analyzed. The five soils were all silty clay with similar pH values (pH 7.52 to 7.69) ( Table 1) , which could be due to the high buffering capacity of clay soils. Other studies have also shown that induced pH changes of the P. vittata rhizosphere were not associated with arsenic phytoremediation in clay soil (9) . The Cd, Cu, and Zn concentrations in the five soils were low, with maximum concentrations of 3.416 mg/kg, 6.38 mg/kg, and 0.368 mg/kg, respectively.
The arsenic concentration was significantly lower in the control soil sample (CK) than in the arsenic-contaminated soil samples (Table 1) . Even though the soluble arsenic concentrations of the four contaminated soil samples (303.52 to 415.26 g/kg) were still higher than the Chinese national standard (50 g/kg), those concentrations were about 700 times lower than those before planting P. vittata, indicating the success of the phytoremediation. In contrast, the control soil had the highest O-M and P concentrations (73.35 mg/kg and 13.15 mg/kg, respectively) compared to the contaminated soils, indicating that arsenic contamination had an adverse effect on soil features.
The concentrations of As, Fe, S, and P were all higher in the rhizosphere soil samples (HR and MR) than in the corresponding nonrhizosphere soil samples (HA and MA). It was reported previously that iron oxides/hydroxides are the primary compounds associated with arsenic solubility in clay soils (9, 43) and that available P increases arsenic accumulation efficiency by P. vittata (42) . The increased Fe along with higher As concentrations observed in the rhizosphere samples (Table  1) indicate that the rhizosphere may assist with the dissolution of arsenic to accelerate arsenic accumulation by P. vittata.
Sole-carbon-source-utilizing capabilities among the five soils. Using the Biolog system, a total of 31 sole-carbon-source utilization profiles of the five soil samples were measured. The community metabolic diversity (CMD) curve showed that the control soil harbored the highest diversity in sole-carbon utilization capabilities (Fig. 1) , whereas those of the highly arseniccontaminated soil samples (HA and HR) were the lowest. In addition, the MR and HR soil samples had higher CMD values than did the nonrhizosphere MA and HA soil samples (Fig. 1) , indicating that the rhizosphere microorganisms of P. vittata were more metabolically activated than the nonrhizosphere ones. Such results suggest that the community metabolic diversity was adversely affected by arsenic contamination levels and that the rhizosphere of P. vittata may provide the degradable carbons and energy sources needed to increase rhizosphere microbial metabolic diversities and mitigate the toxic effects of arsenic.
Additionally, the CMD analysis showed the time points when microorganisms started to be active. In Fig. 1 , the microbial community of the control soil reached stationary phase in a shorter time than did the microbial communities of the other soil samples, which further indicated that uncontaminated soil possessed a higher metabolic potential. The metabolic diversity might be positively correlated with O-M and P, with higher concentrations in the control soil. The arsenic concentration was much lower in the control soil than in the arsenic-contaminated soil samples ( Table 1 ), suggesting that arsenic may be a key factor in reducing the microbial solecarbon-source utilization capability.
Functional gene diversity in the soils. DNA from the five soil samples was hybridized to the GeoChip 3.0, which contains 27,812 probes, and a total of 2,594 functional genes showed positive hybridization signals for at least one of the five soil samples. Among these, 1,567 genes were unique and were detected in only a single sample. Even though the Simpson evenness values were very similar among the five soils (Table  2) , only 172 (172/2,594; 6.63%) genes were shared among the five soil samples, indicating that microbial community structures were quite different from each other. Furthermore, a pairwise comparison showed that only a small proportion of Table 2 ). The number of functional genes detected varied considerably among the five soil samples. In each gene category, more genes were detected in the control soil than in the arsenic-contaminated soils, indicating the significant influence of arsenic on the reduction of microbial community diversity. The highest number of functional genes (1,620) was detected in the control soil, 48.09% of which were unique, indicating that there is a high level of heterogeneity in the uncontaminated soil. The microbial community composition in the control soil was significantly different from those in the arseniccontaminated soil samples (P ϭ 0.019) based on Adonis tests (permutational multivariate analysis of variance). A Mantel test also revealed that there was a significant correlation between the whole-gene structure and the arsenic concentration (r ϭ Ϫ0.68; P ϭ 0.036). A Simpson reciprocal diversity index also indicated much higher levels of microbial diversity in the control soil (1,123.8) than in the arsenic-contaminated soils (737.9, 467.0, 460.5, and 319.3 for MR, MA, HR, and HA, respectively) ( Table 2 ). The same diversity trend was also obtained in the order of CK Ͼ MR Ͼ MA Ͼ HR Ͼ HA, using a Shannon-Weaver H index ( Table 2 ). The CK and HA soil samples shared the lowest proportion of overlapping genes (16.52%), indicating that a high level of arsenic contamination significantly reduced microbial survival, thereby reducing community richness and altering the microbial functional structure. Furthermore, the highly arsenic-contaminated rhizosphere sample HR shared similar numbers of genes detected and the highest number of overlapping functional genes with MA (45.75%) ( Table 2) . Principal-component analysis (PCA) also showed that rhizosphere samples were much closer to the CK sample than to the corresponding nonrhizosphere samples (data not shown). This indicated that the rhizosphere probably reduced arsenic toxicity and increased microbial activity (18) . These results showed that both As and the rhizosphere exerted selection effects.
Comparing functional gene numbers between P. vittata rhizosphere and nonrhizosphere soils, there were more genes detected in the rhizosphere soil samples (769 genes in the HR sample versus 489 in the HA sample, and 1,185 genes in the MR sample versus 792 in the MA sample) ( Table 2) , even though the arsenic concentrations of the rhizosphere soils were higher (Table 1 ). Rhizosphere soil samples had much higher levels of microbial diversity than did nonrhizosphere soil samples with similar arsenic contamination levels; for example, the MR soil sample had 38.99% unique genes. This phenomenon implied that the rhizosphere could affect the dynamics of certain microbes and their genes (see details in "Arsenic resistance genes" below).
Arsenic resistance genes. The arsenic resistance genes were well represented in the five soil samples, with a total of 44 arsCBA gene sequences detected (see Fig. S1 in the supplemental material). Those gene sequences were retrieved from 37 bacterial genera, which reflected the high level of diversity of arsenic-resistant bacteria to some extent. The gene diversity was significantly correlated with the arsenic concentration (P ϭ 0.014; r ϭ 0.575). Only one gene sequence was detected across all five soil samples, which was that of the arsC sequence from Parvularcula bermudensis HTCC2503 (GI 84691528; GI protein sequence in the NCBI database, the same as that described below), a strictly aerobic, chemoheterotrophic strain.
Arsenic contamination appeared to be the primary factor in the selection of arsenic-resistant microorganisms since the functional gene cluster of the uncontaminated soil sample (CK) (see Fig. S1 in the supplemental material) was well separated from that of the arsenic-contaminated soil samples. It was shown previously that As contamination led to the selection of diverse arsenic-resistant bacteria and activated arsenic metabolic systems, such as the arsenite efflux pump (arsB and acr3) (2) .
The ars genes between rhizosphere and nonrhizosphere soil samples were quite different and seldom overlapped (HR versus HA and MR versus MA) (see Fig. S1 in the supplemental material). More genes involved in arsenic resistance and arsenate reduction, with higher relative abundances, were detected in the rhizosphere samples MR and HR than in the corresponding nonrhizosphere samples HA and MA (Fig. 2 and Fig. S1 ), whereas genes in other categories did not show this trend, even for other metal resistance genes (data not shown). Although the DNA-based microarray hybridization data could not evaluate the gene expression level directly, the relative abundance of detected ars genes might provide a quantitative measurement of the environmental microbial gene densities in the samples.
Comparing rhizosphere and nonrhizosphere soil samples, there were several genes detected only in the rhizosphere (Fig.  S1, red) , such as arsB from Herminiimonas arsenicoxydans (an arsenite-oxidizing bacterium isolated from a heavily arseniccontaminated sludge) (GI 133740356), which was strongly hybridized in the HR and MR samples. More importantly, the detected ars genes in nonrhizosphere soil samples were observed for at least one of the rhizosphere soil samples, further indicating higher levels of microbially diverse populations in the rhizosphere (Fig. S1 ). This result indicated that the rhizosphere might be able to maintain certain microorganisms to interact with P. vittata roots.
Interestingly, the MA and HR samples clustered together (see Fig. S1 in the supplemental material). One possibility is that P. vittata may reduce the arsenic toxicity to the rhizosphere microorganisms since it is extremely efficient in extract- ing arsenic from soils (22) , resulting in a similar microbial community structure with high levels of overlapping genes (45.75%) between those two samples. It was reported previously that plant roots exude carboxylate, which could play a crucial role in arsenic metabolism in the rhizosphere by dissolving iron-bound or desorbing arsenic (8) , which may result in a higher local arsenic concentration in the rhizosphere (Table 1). In return, the increase in levels of soluble arsenic may promote its translocation and uptake by P. vittata roots (37), ultimately reducing the local toxicity to the microorganisms, which is in line with a previous study that showed that an increase in available As concentrations in soil resulted in more arsenic accumulation by P. vittata (4). The above-described results indicate that arsenic and the rhizosphere are two crucial factors resulting in a greater diversity of arsenic-resistant microorganisms that may promote soil arsenic uptake by P. vittata. Phosphorus-utilizing genes. Available P is positively correlated with the arsenic accumulation efficiency of P. vittata (42) . However, P is often limited in terrestrial environments. Mineralization is a major pathway in phosphorus cycling to produce bioavailable P, which is accomplished mainly through microbial phosphatase (26) . In addition, arsenate is taken up via the phosphate uptake system of P. vittata (41) . Thus, the bacterial phosphorus-utilizing genes may have an effect not only on P metabolism but also on As bioavailability in soil systems. Therefore, the genes in phosphorus cycling were analyzed and evaluated for their effects on arsenic dynamics.
A total of eight genes (five exopolyphosphatase ppk genes and three exopolyphosphatase ppx genes) belonging to Agrobacterium, Bordetella, Gluconobacter, Idiomarina, Mycobacterium, Pseudomonas, Sodalis, and Streptomyces spp. were detected in these five soil samples (see Fig. S2 in the supplemental material). Furthermore, their signal intensities were high and did not change too much, indicating that these populations were probably the dominant community members and maintained their functions in this soil ecosystem. Different from the arsenic resistance gene category, the detected relative abundances of the phosphorus-utilizing genes were similar among the five soil samples (Fig. 2) ; however, changes in community structure and diversity were still observed. Cluster analysis revealed four different phylogenetic phosphorus-utilizing gene groups. Group 1 contained mostly unique genes from the HA sample and was quite different from the other groups, which might maintain phosphorus metabolism in a highly arsenic-contaminated environment. Unique genes in the control soil sample were located mainly in group 2, and those in the MR and MA samples were grouped mainly in groups 3 and 4, respectively. Most genes in HR were shared with MA, and no unique genes were detected in HR (Fig. S2 ).
There were two exopolyphosphatase (ppx) genes, GI 115371933 from Stigmatella aurantiaca DW4/3-1 and GI 83846326 from Sulfitobacter sp. strain EE-36, which were detected only in the rhizosphere among the As-contaminated soils (Fig. S2, red) . The nonrhizosphere MA and HA samples each harbored some unique genes that were not detected in the rhizosphere samples (Fig. S2, red) . Microbial exopolyphosphatase is able to degrade long-chain inorganic polyphosphates, which may result in a higher available P concentration in the rhizosphere samples than in the nonrhizosphere samples (Table 1) . It was reported previously that plants showed an enhanced exudation of carboxylic acids to dissolve metal-chelate complexes with P, resulting in an enhanced availability of P in the rhizosphere (26) . Even though arsenate and phosphate have similar chemical structures and update systems by plants, the available P showed a positive correlation with the arsenic accumulation efficiency of P. vittata (41) . Increased levels of available P could exchange arsenic from the soil binding sites and enhance the mobility of As, thus significantly increasing As uptake efficiency by P. vittata (3), which may explain why the rhizosphere had higher As and P concentrations than the respective nonrhizosphere soil samples, even for the soil samples that were phytoremediated by P. vittata for several years.
Sulfate-reducing genes. Some sulfate-reducing bacteria (SRB) were previously reported to be able to reduce arsenate (23) . Sulfite-reducing genes (dsrA and dsrB), indicators of SRB, were detected across the five soil samples. This phenomenon may suggest that the SRB were active in the soil system, even though the available soil sulfate concentrations were very low (Table 1) , although this would have to be confirmed with mRNA.
Some of these genes were derived from typical sulfate-reducing bacterial genera, including Chlorobium, Desulfovibrio, Desulfarculus, Desulfofaba, Desulforhabdus, Desulfotomaculum, Pyrobaculum, and Syntrophobacter, but most of them were retrieved from uncultured bacteria (see Fig. S3 in the supplemental material). Although the relative abundances were similar among the five samples (Fig. 2) , only two dsrA genes, from Desulfovibrio aerotolerans and Pyrobaculum calidifontis JCM 11548, hybridized across the five soil samples. The number of detected genes decreased sharply with the aggregative arsenic contamination level. With a higher sulfate concentration, the sulfate-reducing gene numbers decreased, whereas the relative abundance of dsr genes increased, especially in HA samples ( Fig. 2 and Fig. S3) .
The gene diversities among the five soils were obviously different since each sample had several unique dsr genes from different uncultured SRB (see Fig. S3 in the supplemental material). There was one dsrA gene (GI 15055576), derived from Desulfotomaculum ruminis, that preferentially respires arsenate over sulfate, which was detected only in the rhizosphere samples HR and MR. One dsrA gene (GI 46307986) and three dsrB genes (GI 118424524, GI 109290262, and GI 14389215), all derived from uncultured sulfate-reducing bacteria, were not detected in the highly As-contaminated soils (HR and HA), which might be due to the inhibition of sulfate reduction by the high level of arsenic (28) .
The dsrAB cluster patterns were very similar to the "arsenic resistance genes." HR and MA were grouped together, and CK was well separated from them (see Fig. S3 in the supplemental material). The Mantel test showed that there was a significant correlation between the sulfate-reducing gene structure and the combination of sulfate and arsenic concentrations (r ϭ Ϫ0.826; P ϭ 0.032), further indicating an interaction of the arsenic level with sulfate reduction. Sulfur often coexists with arsenic, and some microorganisms are capable of reducing both arsenic and sulfate and then precipitating the arsenic as arsenic trisulfide (27) , which may be important for arsenic transformation and bioavailability. The homeostasis of dissolved arsenic may be controlled by the solubility of sulfide VOL. 76, 2010 ARSENIC CONTAMINATION IN THE RHIZOSPHERE OF P. VITTATA 7281 phases, which depends on microbe-mediated sulfate reduction (16) . Scherer (32) reported previously that the rhizosphere possesses a higher level of activity of arylsulfatase, which mineralizes sulfur from organic matter and provides a sulfur source for plants to synthesize phytochelatins (PCs). The As-PC complexes may increase with the arsenic accumulation ability of P. vittata (12) . Genes related to nitrogen cycles, carbon degradation, organic contaminant degradation, and metal resistance. Large numbers of functional genes detected by the GeoChip 3.0 were involved in carbon degradation, organic remediation, and metal resistance (Fig. 2) . Little is known about the contribution of organic remediation to arsenic cycling and hyperaccumulation processes in the rhizosphere of P. vittata. For carbon degradation and organic remediation genes, no obvious changes in relative abundance were detected between arseniccontaminated and uncontaminated soil samples and rhizosphere and nonrhizosphere soil samples (data not shown), although such microorganisms may be metabolically active in those soils.
Moderately As-contaminated soil samples had the highest relative abundance of carbon degradation genes, whereas highly arsenic-contaminated soil samples harbored more of the denitrification genes nirS and nirK than the moderately contaminated samples (Fig. 2) . However, whether these differences in primary energy metabolic pathways were caused by arsenic contamination levels still needs direct experimental evidence, such as that obtained by radiolabeled carbon/nitrogen source uptake assays. The rhizosphere samples contained more of the NH 4 ϩ transformation-related genes nifH and ureC than did the nonrhizosphere samples (data not shown). The nitrogen fixation gene nifH plays a role in reducing N 2 to NH 4 ϩ.
NH 4
ϩ-N was reported to be more efficient than other nitrogen sources in stimulating arsenic accumulation by P. vittata (20) . The ureC gene encodes urease, which plays a key role in transferring organic N to NH 4 ϩ, which was highly abundant, especially in the HR sample (Fig. 2) . Such processes may promote the growth of P. vittata and/or stimulate arsenic hyperaccumulation in P. vittata.
The most frequently detected metal resistance genes were those for resistance to Cr 6ϩ , Hg 2ϩ , Cu 2ϩ , and Zn 2ϩ . The relative abundance and diversity of those metal resistance genes were similar across the five soil samples (data not shown), indicating that metal resistance mechanisms contributed less to the change in the microbial community.
Correlations between microbial community structure and environmental factors. Arsenic and organic matter were identified as the combination of geochemical variables that provided the best correlation (P ϭ 0.014; r ϭ 0.600) with the microbial community structure using the BioEnv program. The top three (As, O-M, and P) geochemical variables identified by automatic selection were analyzed by canonical correspondence analysis (CCA) for correlation with community structure (Fig. 3) . Due to multicollinearity, other variables were removed based on the VIF (variable inflation factor).
The CCA biplot delineates the effect of selected soil geochemical properties on the microbial communities, and the results revealed a significant correlation between microbial community structure and environmental factors. The total canonical eigenvalue was 1.306. The first canonical axis explained 35.0% of the microbial diversity detected, and the second axis represented 31.4% variance. A total of 66.4% variation was found (Fig. 3) .
The microbial community of the control soil was quite different, which was well separated from those of the arseniccontaminated soils, mainly by the second axis that positively correlated with the P concentration and negatively correlated with the As concentration (Fig. 3) . The arsenic-contaminated soil communities spread along the second axis, showing that the amount of O-M was an obvious factor affecting the microbial communities in the arsenic-contaminated soils, although O-M itself may have originally been affected by the arsenic contamination level. The HA and MR samples were well separated, which was potentially caused by differences in their soil geochemical features. The HR and MA samples shared similar microbially diverse populations, even though their geochemical features were quite different. Such a phenomenon indicated that the P. vittata rhizosphere might improve microbial survival. As a result, the highly arsenic-contaminated rhizosphere sample (HR) and moderately arsenic-contaminated soil sample (MA) shared similar community structures.
Variation partitioning analysis (VPA) was performed to determine the proportion of variation in the microbial communities affected by the geochemical variables identified by CCA (Fig. 4) . Three variables, As, P, and O-M, explained a major part of the variation observed, leaving 24.9% of the variation unexplained by those factors. Arsenic alone explained 20.1% (P ϭ 0.043), P explained 19.1% (P ϭ 0.108), and O-M explained 22.0% (P ϭ 0.068) of the variation, respectively. The interactions between As and P and between P and O-M accounted for 14.7% and 2.3% of the variation, respectively. These results indicate that As, P, and O-M concentrations greatly influenced the microbial functional gene structure. The unexplained amount of variation in this study (24.9%) was considerably less than those observed for a Tc/U-contaminated groundwater sample (45.1% [39] ) and in situ U(VI) biostimulation soil samples (35.9% [38] ). Also, unexplained variation may be the result of other geochemical factors, such as carbonate, enhancing or suppressing arsenic-adsorptive characteristics (1), and oracetate, stimulating arsenite release (17) . Summary. Since the collection area shared similar features before arsenic mining, any later changes in microbial properties in the arsenic-polluted soils could be attributed to the effects of arsenic contamination levels and phytoremediation treatment using P. vittata. Our results indicated that the microbial metabolic diversity, functional gene diversity, and structure were affected by both the arsenic contamination level and the rhizosphere of P. vittata. The soil physical and chemical properties, microbial sole-carbon-source utilization, functional processes, and microbial community structure were varied among the five selected soil samples. Arsenic resistance, sulfur reduction, phosphorus utilization, and denitrification genes were very different between rhizosphere and nonrhizosphere soils, as were the arsenic contamination levels. Microbial community structure analysis provided the evidence for a strong linkage among the level of arsenic contamination, the rhizosphere, and functional gene distribution. Arsenic was the main driver in reducing the soil functional gene diversity; however, organic matter and phosphorous also exhibited significant effects on the soil microbial community structures. Arsenic contamination impacted the microbial community functional structure by the selection of arsenic-resistant populations, whereas the rhizosphere of the arsenic accumulator P. vittata appeared to mitigate this toxicity to microbes and maintained high-diversity microbial species that most probably provided some dissolution and transformation functions to promote the P. vittata arsenic uptake ability. Thus, this study provides a sketch on how microbial community and metabolic activity interact with arsenic and the rhizosphere of P. vittata and provides valuable information necessary to understand the interactive phytoremediation processes among plants, microorganisms, and soil contaminants. 
